RATIONALE: Stable isotope analysis in ecological studies is usually conducted on biomaterials, e.g. muscle and blood, that require catching the animals. Feces are rarely used for stable isotope analysis, despite the possibility of non-invasive sampling and short-term responsiveness to dietary changes. This promising method is neglected due to a lack of calibration experiments and unknown diet-feces isotopic difference (Lldietfeces)· METHODS: To fill this gap, we simulated trophic changes occurring in nature when animals switch feeding habitats, e.g. by moving from freshwater to terrestrial systems, from cultivated areas to forests or changing distance from marine environments. In a controlled experiment, the diet of two bat species (Myotis myotis, Rhinolophus fermmequinum) was altered to an isotopically distinct one. We measured stable nitrogen, carbon and the rarely used sulfur isotope in feces, and calculated Lldiet-Jeres values. RESULTS: The feces acquired the new dietary signature within 2-3 h from food ingestion; thus, they are suited for detecting recent and rapid dietary changes. The Lldietferes (L1) did not differ between species or diet {overall means± standard deviation (sd)): L1 The stable isotopes of animal tissue reflect the local dietary input over the time that the tissue was synthesized. Different tissues integrate diet over different time scales. Blood and muscle for example, which are commonly used for stable isotope analysis in mammals, 11 ,2 1 have turnover rates of some weeks to monthsP 1 However, when research questions require measurement of rapid changes in diet or trophic level, samples with a faster turnover rate such as exhaled breath or feces are required. Collection of both breath and feces is relatively easy, cost effective and non-invasive, but so far only a single element (carbon) can be measured in breath.1 4 1 Feces are a good candidate for stable isotope analysis with the aim of short-term diet investigation, because (i) they contain remains of the recent diet} 5 1 (ii) capturing of animals is not necessarily required as feces can be collected from below roosting sites; and (iii) 
The stable isotopes of animal tissue reflect the local dietary input over the time that the tissue was synthesized. Different tissues integrate diet over different time scales. Blood and muscle for example, which are commonly used for stable isotope analysis in mammals, 11 ,2 1 have turnover rates of some weeks to monthsP 1 However, when research questions require measurement of rapid changes in diet or trophic level, samples with a faster turnover rate such as exhaled breath or feces are required. Collection of both breath and feces is relatively easy, cost effective and non-invasive, but so far only a single element (carbon) can be measured in breath.1 4 1 Feces are a good candidate for stable isotope analysis with the aim of short-term diet investigation, because (i) they contain remains of the recent diet} 5 1 (ii) capturing of animals is not necessarily required as feces can be collected from below roosting sites; and (iii) stable isotopes of multiple elements can be measured in a single sample. Bat ecologists 1 identification of prey items. Stabtel 9 1 or radioisotopesi 1 0I in old bat guano have been used as paleoclimate records. Only a few studies have conducted stable isotope arlalysis on bat feces to investigate ecology, 1111 habitat use,II 2 1 and diet.l 5 1 The lack of controlled experiments limits the application of fecal stable isotopes in the ecology of small mammals. Animal isotopic ecology is still lacking experimental estimations of isotopic diet-sample differences {LI)}l 3 1 i.e. the difference in the isotopic content between the diet and the sample used to estimate it (also known as fractionation factor or isotopic discrimination). A difference between diet and feces is related to biochemical pathways during digestion or varying digestibility of food components with different isotope values. 114 1 Ideally, the Ll value would be calculated using the food consumed and the feces egested by the animal. However, the exact diet of the study animal in the field is often unknown or unavailable for analysis. Values of Ll can vary among different biomaterials of the same individual.ll 51 Thus, to reconstruct diet from stable isotopes, use isotope mixing models, or compare results of different studies, it is essential to know the Ll value for the specific biomaterials.ll 5 • 16 1 Also, for refined timescale diet investigation, the turnover rate of the isotopic signature of the biomaterial is required to assign the diet to the correct time. 
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' thus, by changing the bats' diet in these values, we simulated a shift from feeding on terrestrial to freshwater insects. Values of~ are related to salinity and distance from the sea} 23 1 so with a change in dietary~ values, we simulated changes that could occur when an animal is feeding at different distances from the sea.
The objectives of the experiment were to: (i) estimate the time after which a dietary switch is reflected in feces (turnover rate), and (ii) test how accurately fecal stable isotope values represent dietary isotope values. For this purpose we calculated the diet-feces isotopic differences (L1dietf.,.,es)· To obtain an impression of how applicable our results would be across species, we tested whether the fecal stable isotope values, the turnover rates and the L1dietfeas values differed between two phylogenetically distant species:
Myotis myotis (Borkhausen, 1797) (greater mouse-€ared bats) and Rhinolophus Jerrumequinwn (Schrebe~ 1774) (greater horseshoe bats). We measured fecal c5 13 C, c5 15 N and ~S values prior to, during and after the diet switches. We expected the isotopic signature in feces to provide accurate information on recently consumed food.
EXPERIMENTAL

Diet
Young instars of mealworms (larval stages of the beetle
Tenebrio molitor Linnaeus, 1758) were split into two groups.
They were kept at room temperature and fed for 1 month prior to the experiment, either with commercially available tin-canned tuna (Thunfischfilets, EDEKA Zentrale AG & Co. KG, Hamburg, Germany) or with cereals (Matzinger Vollkornflocken mit Gemiise, Nestle Purina, PetCare Deutschland GmbH, Euskirchen, Germany). Both were supplemented with fruits and vegetables (apples, carrots, salad). The cereal diet was expected to contain lower c5 13 C, c5 15 N and ~S values than the tuna diet. 1241 We thus refer to the tuna-fed and cereals-fed mealworms as heavy-labeled and light-labeled mealworms, respectively. Shortly before the experiment started, the mealworms were supplemented with additives containing essential nutrients, including vitamins and minerals (Nutri-Cal, Albrecht GmbH, Aulendorf, Germany and Korvimin ZVT + Reptil, WDT eG, Garbsen, Germany).
Bats
The studf was conducted on two phylogenetically distant species 125 that occur sympatrically but differ in their trophic ecology and resource use. Myotis myotis preys on ground arthropods (mainly carabid beetles) that it detects by the rustling sounds and gleans from accessible ground surfaces.1 26 1 Rh.inolophus Jerrumequinum feeds predominantly on large flying moths and beetles (mainly Scarabaeoidea), which it detects by the wing movement that is encoded in the echoes of echolocation calls. 1 27 ,28J Different sensory access to prey leads to differences in trophic level; the diet of M. myotis is dominated by predatory arthropods,f21 whereas herbivorous insects dominate the diet of R. Jerrumequinum. 1 
Protocol
The diet was controlled and feces were collected daily for 12 days. Each M. myotis individual was offered 7 8 g mealworms per day and each R. Jerrumequinwn individual 5 6 g, but they usually consumed less. Water was provided ad libitum to all bats. On days 1 and 2 of the experiment, bats were fed their usual diet of light-labeled meal worms. On day 3 we switched their diet to the heavy-labeled mealworms, and they were fed this diet for 7 consecutive days. On day 10 we switched their diet back to the starting diet of lightlabeled mealworms. The bats remained on this diet until the end of the experiment (days 10 to U).
Fecal samples
The fecal samples were left in open Eppendorf tubes to dry at room temperature before being stored in a freezer ( 30 oq until the analysis. The samples from one specimen of each spedes were excluded from the analyses, because these two bats showed an aveiSion to heavy-labeled mealworms, and they produced negligible amounts of feces on the days when they were fed with these mealworms. At least one fecal sample was analyzed per day, per individual bat. Thus, stable isotope analysis was conducted on a total of 72 fecal pellets.
Stable isotope analysis
Lipids tend to be more depleted in 13 C than tissues. 1 29 1 Mealworms have a high lipid content} 30 1 which could lead to a bias in the results if the signature of the lipids rather than the rest of the organism is measured. To avoid this bias, we removed lipids from both types of mealworms by rinsing them twice with a 2:1 chloroform/methanol solution. Because we had had no information about the lipid content of feces, we had tested, in a pilot study, if a lipid extraction would be necessary. We used fecal samples (homogenized sub-samples from about 10 feces each) from M. myotis and M daubentonii.
Lipids were extracted with a 2:1 chloroform/methanol solution from three samples per species and both these and three untreated fecal samples were analyzed for c5 13 C values. There was no significant difference in the c5 13 C values of samples after lipid extraction and nntreated samples (Mann Whimey test, p = 0.75, own nnpublished data). Based on this evidence, we proceeded without extracting lipids from the fecal samples in the current experiment. Dried and powdered sub-samples of approximately 1.5 mg mealworms (homogenized sample from 3 4 mealworms) and 1.3 mg feces were weighed in small tin cups to the nearest 0.001 mg, using a micro-analytical balance. The samples were then combusted in a vario Micro cube elemental analyzer (Elementar, Analysensysteme GmbH, Hanau, Germany) at the Limnological Institute, University of Konstanz, Germany.
The resulting COz, N 2 and 50 2 were separated by gas chromatography and inserted into a Micromass Isoprime isotope ratio mass spectrometer (Isoprime Ltd, Cheadle Hulme, UK), for determination of the 
Calculation of diet-feces isotopic differences (.ddiet-feces)
The diet-feces isotopic difference, L1diet-.foces or L1, was calculated for each element as:
where X is: 13 C, 15 N or 34 
S.
We calculated the L1diet-.foces values for each feces separately, by subtracting the mean c5X value for the corresponding diet (heavy or light-labeled mealworms) from the feces stable isotope value. To calculate the mean values for light-labeled diet for R. Jerrumequinum, we excluded one feces produced on the first day after the switch back to the light-labeled diet, because it appeared to still have the heavy-labeled signature and we wanted to ensure that the calculation of the L1 value corresponded to each diet separately.
Statistical analyses
As the data did not originate from a normal distribution, we used only non-parametric tests. We compared the isotopic signature of light-to the heavy-labeled mealworms with the Mann Whimey U test (five mealworm samples per group). To avoid pseudoreplication and ensure a balanced design, stable isotope values of one randomly selected feces per day and individual were included in the dataset for statistical analyses of fecal samples. We tested for differences between the stable isotope values of the diet and of the respective feces produced with the same diet, i.e. we tested whether L1 was statistically significant, using the Mann Whimey U test.
We were interested in how diet change is reflected in repeated samples of individual bats. To acconnt for repeated measures while retaining a high statistical power, we used non-parametric longitudinal models for factorial experiments. 1 31 .3 2 1 For measurements of each isotope, we estimated a non-parametric model with both one whole plot factor (bat spedes) and one subplot which is the time factor (day of the experiment). The isotope ratio values of each individual on different days were treated as measurement repeats. We computed a non-parametric ANOVA-type statistic (ATS), which was developed for use with small sample sizes.l 331 In addition to testing for the significance of each factor and their interaction, we also tested the null hypothesis that isotope values on days 3 to 9, when heavylabeled mealworms were fed, did not exceed the isotope values on the other days, when bats were fed their usual light-labeled diet. This was computed with the following time pattern vector shaped as a boxcar ftmction (the same pattern was assumed for both species, respectively): No data points were excluded for this analysis.
RESULTS
Isotopic signature of feces -Turnover rate
As expected, heavy-labeled mealworms exceeded lightlabeled mealworms for all stable isotope values analyzed ( Table 1 ). The c5 13 C, c5 15 N and ~ values were significantly different between the two types of mealworms (Mann Whitney U = 15, n = 10, p = 0.008). Thus, the two meal worm types were, due to their different isotopic values, well suited as food in our diet-switch experiment. The C/N mass ratio (mean ± SO) of the mealworms (4.334 ± 1.025) was Similar to that of the feces (4.239 ± 0.682 for M. myotis, and 4.609 ± 0.367 for R. ferrumequinum).
When the bats were fed with differently labeled food, they egested feces with the new isotopic signature on the same day that the diet switch was conducted, after 2 3 h, when the feces were collected (Fig. 1) . The content of stable isotopes Table 2 ). There was no significant difference between species in any of the s table isotope values (A TS with Box modification, p z0.084; Table 2 ), although a marginally non-significant difference was apparent in c5 15 N values between species (p = 0.084; Table 2 ). There was no difference between species in the manner of isotopic signature change over time, i.e. we found no statistically significant interaction between species and time (p z0.418; Table 2 ). A further test revealed among which days the fecal stable isotope ratios differed; namely, the effect of time was significant, because the values of fecal stable isotopes on days with heavy-labeled diet exceeded those on the remaining days with light-labeled diet In other words, the hypothesis of a time pattern shaped like a boxcar function could be confirmed for both species and all stable isotopes (p ~0.013; Table 2 ). The boxcar-shaped time pattern is also visible in Fig. 1 .
Diet-feces isotopic differences (Lf diet-feces)
The mean L1diet-feces values from all individuals (both species and both diets) were: + 1. C differed according to the day of the experiment, irrespective of diet (p = 6.9 x 10-5_} (Table 3) .
Within the species, L1 13 C of heavylabeled mealworms did not exceed that of the light-labeled mealworms and the time pattern shaped like a boxcar function was not statistically significant for either of the species (p z0.166; Table 3 ). Rather, L1 13 C increased slightly throughout the course of the experiment DISCUSSION Isotopic signature of feces Using a triple isotopic experiment, we showed that fecal stable isotopes rapidly reflect the most recent diet. Feces are often used in bat ecology to examine prey remains either visually or with molecular methods, in order to reveal the taxonomic identity of the prey. Stable isotopes provide information on the ecological (habitat, trophic level) and geographic origin of prey, as well as their relative contribution in the diet, when used in mixing models. I3SJ Fach method provides different and valuable information These methods are complementary and should ideally be used together to give a broader picture of resource use or be selected according to the research aim.
A high C/N mass ratio can be related to high lipid content in a particular tissue.1 361 The C/N mass ratio of the bat feces of the feeding experiment indicates low lipid content Lipidextracted mealworm samples had a very similar C/N mass ratio to the feces. This confirms that lipids do not have to be extracted from the feces before the stable isotope analysis.
The bats were supplied with isotopically significantly different diets, to ensure the assignment of the feces to the respective diet. However, such large differences in dietary signatures might not always occur in the wild. In this case, multiple elements can provide more detailed information and reveal additional aspects of trophic ecology from a single sample. A three-isotope approach should be favored, as it can reveal a diet heterogeneity that could be overlooked with a dual-isotope approach. 137 f The stable sulfur isotope ratio is rarely used in animal ecology.Cbut """ 1 38 D Our study is one of the few on mammals( e.g. 1 3SD adding~ to the commonly used 13 C and 15 N isotopes. Marine sulfur contains more of the heavy isotope and is transferred to terrestrial systems with a spray effect.l 39 1 Values of~ encode the distance of feeding habitat from the sea and this makes it SUited to determine food originS and to track animal movements.
The isotopic signature of the feces did not change much during the days when the bats were eating the same diet. The minor fluctuations were probably caused by the presence of varying amounts of food particles with older isotopic ._.__ signature. There was a tendency for the c5 13 C values to increase, although the time pattern in the shape of a boxcar function was statistically significant. This could be possibly attributed to slightly increasing c5 13 C values in mealworms. The random variation in the proportion of cereals (corn and wheat) in the mixture fed to the light-labeled meal worms might have resulted in an increased c5 13 C signature. The variation in c5 13 C values of mealworms was, indeed, higher than for c5 15 N and 83~ values (Fig. 1) . The increase in feces c5 13 C values might also be related to the increase of LI 13 C throughout the experiment. Physiological processes during digestion could also explain the increase in the feces c5 13 C and L1
13
C values during the last days of the experiment, but this would require further study.
Turnover rate
The fecal stable isotopes revealed a dietary change within 2 3 h after the new type of food had been ingested. This was evidenced by the boxcar-shaped time pattern of isotope values in feces that matched the time pattern of the isotope values of the food. Our findings complement those of another studyl 40 1 which found comparably short gut-passage time for ingested food in M. myotis: (t~ = 77 min). The gut passage time in Eptesicus serotinus (serotine bat) ran~ed from 33 min to 32 days, decreasing with particle size.1 41 We found the same turnover rate for both species considered in this study. However, this lack of interspecific difference might not be the case for the turnover rates between diet and tissues such as blood and skin.(for noctarivorous bats, sec (42D Therefore, when the purpose of the study is to compare diets of different species and the turnover rates of tissues from these species are unknown, feces might be a better choice to estimate diet.
Diet-feces isotopic differences
The N value from the previous studyl 21 (+2.58 ± 0.09%.) is almost similar to the value we found (+2.U ± 1.85%.: mean ± SO for M. myotis feces across diets).
The Lldidfeces that we calculated did not differ between the two species belonging to different suborders of Chiroptera. I2Sl Thus, our data could be applied to other insectivorous bats or other small mammals with similar diets, bearing in mind that the Lldiet fec:es of species with a very different body size might differ from the ones we report. Additional factors that can affect the LJ values should be considered. e.g. food protein content} 43 1 diet quality and isotopic signature, age, and condition of the organism,Cfor review, see li6D or for 1~, water or nutritional stress. r«l Feces are excreted materials of an ingested diet. A disadvantage of using feces for diet investigations could be that they do not provide information on assimilated diet However, our study indicates that feces better represent the isotopic signature of the food that was ingested than tissues do. Therefore, feces or tissue samples should be selected dependent on whether the study aims to investigate the diet, or the assimilated part of it.
Further applications
Our results can be applied to study topics such as: (i) shortterm differences of diet in bat and other mammalian species; (ii) individual or population dietary specialization; (iii) opportunistic behavior of individuals, populations or species; (iv) habitat choice; and (v) movements among different habitats. Fecal stable isotopes could be implemented to monitor pollution and investigate whether animals feed on sites with anthropogenic impact Values of c5 13 C, c5~ and ~ differ between organic material and sewage 145 1 and these values have already been used as tracers of pollution in marine systems.1 46 1 Bat populations in Europe and North America declined in the past century, partly due to the extensive use of pesticides in agriculture. 14 7J Monitoring of resource use in agricultural areas using stable isotopes might assist in developing conservation plans for bats and other small mammals.
CONCLUSIONS
We found that the c5 13 C, c5 15 N and ~S values in feces of insectivorous bats reflect the signature of the recently consumed diet within 2 3 h after ingestion. The turnover rate and the LJ values did not differ between two distantly related bat species fed the same diet. Thus, these results may apply to other insectivorous mammals. The LldieJ..foces values from our study should be applied carefully to species with different diets. The advantages of feces are the possibility for noninvasive sampling and their suitability for answering questions concerning short-term diet or habitat variation. In combination with methods such as visual identification or molecular analysis of prey items in feces, stable isotope analysis can provide additional information and be useful for monitoring.
